This paper presents an extension of recently published large signal model of peak limiting current mode controlled dc-dc converters by including an artificial ramp intended to provide the limit cycle stability into the model. The model was implemented and verified using computer simulation. Existence of an infinite number of discontinuous conduction modes has been observed, similar to the case when the artificial ramp is not applied. Boundaries between the modes as they depend on circuit parameters were analytically established, showing a reduction of the area covered by the discontinuous conduction modes. The analytically established boundaries were verified by simulation.
I. INTRODUCTION
Slope compensation is a well known technique applied in dc-dc converters operating under the peak limiting current mode control which aims to suppress limit cycle instability and related subharmonic oscillations [1] . It has been shown that for the duty cycle D > 0.5 a converter operating in the continuous conduction mode tends to exhibit unstable limit cycle leading to chaotic behavior. The problem is overcome by generating a signal of predefined slope, called an artificial ramp, which is added to the signal proportional to measured inductor current in order to stabilize the limit cycle by forcing the inductor current perturbation to vanish. This rather simple solution is frequently used in practice.
When it comes to the discontinuous conduction mode (DCM) and the issue of subharmonic response, in available literature somewhat less effort has been invested to investigate the topic. Usually, it is assumed that the artificial ramp is needed in the continuous conduction mode (CCM) to stabilize the limit cycle, causing minor effects in the DCM. As a consequence, effects of the artificial ramp in the DCM remained unclear. However, even though the discontinuous conduction mode could not expose chaos, but periodic behavior with the period equal to a multiple of the clock period, interesting patterns have been observed in [2] . In order to analyze effects of the artificial ramp on such behavior, appropriate model predicting higher periodic orbits has to be developed. This work is partially supported by the Republic of Serbia Ministry of Education, Science, and Technological Development under grant TR 33020. So far, different approaches were used to create a model which could predict bifurcations occurence, but the focus was primarily on the continuous conduction mode, since it is capable of producing chaos. In [3] - [5] , sampled data analysis was proposed instead of the averaging technique, providing discrete map with solutions represented as orbits rather than points. By adding an additional discrete pole into the system, such model aims to predict different kinds of instability, as well as behavior of the system at high frequencies in a closed loop configuration. Furthermore, [6] and [7] suggested a new kind of iterative mapping based on data sampling at the beginning of each clock period. Stability criterion was derived from the analytical model, contrary to [8] , which suggested computer aided analysis. Back to the averaging technique, but still using an analytical approach involving frequency response analyses, [9] and [10] emphasized the discontinuous conduction mode.
Influence of the artificial ramp was extensively discussed for CCM in [11] , [12] , providing slope values which keep the converter far enough from bifurcations. Besides that, [2] dealt with the artificial ramp influence in DCM, suggesting that the ramp could cause undesired effects making the trajectories to change, even to leave the DCM, entering chaotic CCM.
In [13] and [14] existence of an infinite number of periodic DCM orbits for D > 0.5 was demonstrated, assuming the converter constant current load. In addition, these orbits were found to be dependent on the circuit parameters, which creates an impression that adding the artificial ramp would affect that dependency. This paper aims to show some of the effects the artificial ramp introduces into the system, using simple discrete simulation model which is a generalization of [13] . Maps that determine the operating modes in the output voltage to control variable plane, as they depend on the slope of the introduced artificial ramp are presented, as well as numerical simulation results that predict the output current, indicating complex behavior in areas characterized by higher period number operation.
II. SIMULATION MODEL INCLUDING THE ARTIFICIAL RAMP
Simulation model based upon switching cell analyses, derived in [14] and generalized in [13] , has been modified to 978-1-7281-5067-3/19/$31.00 2019 IEEE 2019 20th International Symposium on Power Electronics (Ee), October 23 -26, 2019, Novi Sad, Serbia take the artificial ramp into account. The model of [14] was generalized in [13] in order to provide a solution that could easily be applied to all basic dc-dc converters, i.e. buck, boost, and buck-boost, and further generalized to other converters. The same approach was used in this paper. In all of the analyses, it was assumed that the converters are loaded by a constant current load.
A. Normalization
According to the switching cell topology depicted in Fig.  1 , two voltages that determine slopes of the inductor current could be identified, causing its charging and discharging. Basic converters of interest, buck, boost, and buck-boost, are shown in Figs. 2, 3, and 4, respectively, and corresponding values of v 1 and v 2 are given in Table I . In order to provide a model, easy to manipulate with and simple to generalize, all parameters are normalized according to [13] . To begin with, each voltage is represented by its relative value with respect
The use of this approach provides that normalized switching cell voltages v 1 and v 2 could be observed as slopes of the inductor current being charged and discharged, respectively, which is convenient in describing the inductor current behavior. It is also useful to define variable M as a normalized output voltage
Furthermore, the time variable is normalized to the clock
where T S = 1/f S , and f S is the clock frequency. The currents are normalized according to
which results in an inductor constitutive relation being transformed to
Normalized voltages corresponding to Table I are provided in  Table II . 
As demonstrated in [13] , inductor current waveform exposes three possible patterns during the switching period T S , depending on the initial condition and the circuit parameters. Characteristic of period-n DCM operation is the fact that whatever the trajectory of the inductor current is, it starts at zero and eventually reaches zero again, causing the orbit to be periodic. Fractal like structures observed in the output current dependence on the control variable J m and the output voltage, presented in [13] distinguish them from period-n CCM where the dependence is somewhat smoother. Influence of the artificial ramp is reflected in the change of the peak current for which the switch turns off, depending on the duty ratio. Instead of having a constant peak value, equal to J m , the artificial ramp adds linear dependency of the peak current on the duty ratio, affecting boundaries of operating modes.
Let us consider each inductor current pattern separately and derive the corresponding mapping. To begin with, the case when the switch conducts during the whole period is depicted on Fig. 5 , and the equation describing the inductor current is
under condition where m A is the artificial ramp slope. Values j L (0) and j L (1) in the expressions (6) and (7) represent instantaneous values of the inductor current sampled at the beginning and at the end of the clock period, and normalized according to (4) . It is important to emphasize that the slope of the artificial ramp satisfies m A < 0, while m 1 > 0 and m 2 < 0. This contrasts [1] where all slopes are represented by their absolute values. Normalized inductor current, consisting of the switch current and the diode current, averaged across the switching period is expressed as 8) or in this particular case where j D = 0,
If (7) does not hold, at normalized time instant d the inductor current reaches
when the switch is turned off, and the diode takes over conduction of the inductor current. In that case,
and
When both the diode and the switch are alternately active during the clock period, two scenarios are possible. The first one, shown in Fig. 6 , assumes that period of discontinuity is absent. Diode remains on until the next clock cycle begins.
Condition that has to be satisfied in this case is which means that instantaneous value of the inductor current at the end of the clock period does not fall to zero. Instead, it takes value
Averaged inductor current could be calculated according to (8) , where averaged switch current is
and averaged diode current is
If (13) is not satisfied, a new time interval labeled d 2 arises, being normalized duration of the diode conduction interval different from 1 − d, implying that interval of discontinuous conduction starts at d + d 2 . From that moment till the end of the switching period, both the switch and the diode are off. This scenario is presented on Fig. 7 . In that case, inductor current behavior is described by
leading to the expression for parameter d 2
Averaged switch current is still given by (15) but the averaged diode current now takes form These simple discrete mapping equations represent the switching cell large signal model, and could easily be incorporated in numeric simulation, which is one of the research goals presented in this paper.
III. MODE BOUNDARIES
Introduction of an artificial ramp modifies the converter behavior. As it was shown in [1] the requirement D > 0.5 is not subharmonic oscillations boundary anymore. The existence of artificial ramp allows for larger values of D while preserving limit cycle stability. Stable period-1 operation is limited by
where m 1 > 0, m 2 < 0, and m A < 0.
In the following subsections, two other boundaries, i.e. boundary of period-1 DCM operation and boundary between the period-n DCM operation and the period-n CCM operation are established in the manner of [13] - [15] , for 1 < n ≤ ∞.
A. Stable Period-1 DCM Boundary
Boundary case of the discontinuous period-1 operation is defined by the inductor current value at the beginning and at the end of each clock cycle being zero i.e. i L (1) = i L (0) = 0. With respect to (11) and (14), it results in
condition for DCM period-1 cycle, whereas the reverse condition, under additional constraint that (20) is satisfied, defines CCM period-1 area.
B. Period-n DCM-CCM Boundary
Theoretically, discontinuous conduction mode could not expose chaotic behavior even though multiplication factor n of the base period T S is not limited. Boundary case, without artificial ramp influence, is determined by the control variable J m large enough to prevent complete discharge of the inductor during one clock period, as given in [13] . This is presented on Fig. 8 . Inductor current reaches maximum value of J m at the end of the clock cycle before the critical one, resulting in the following clock cycle with d = 0 and d 2 = 1, which is the boundary case for the discontinuous conduction operation. Any increase of J m would prevent the inductor to be fully discharged within one clock period.
In the case the artificial ramp is applied, boundary between DCM and CCM orbits is dependent on the artificial ramp slope. Maximum current that the inductor could reach at the end of the clock cycle preceding the discharge one is not J m anymore, but a new value decreased by the ramp slope, J m + m A . Values of the ramp slope lower than m 2 discharge slope, m A < m 2 , were not considered since they guarantee stable period-1 limit cycle according to (20). Fig. 9 depicts inductor current during two clock periods; in the first it reaches its maximum limited by the control variable and the artificial ramp, while in the second clock interval the inductor is fully discharged without the discontinuous conduction interval. This case is the boundary case between the period-n DCM and period-n CCM for 1 < n ≤ ∞.
Equations describing the boundary pattern could be derived using
referring to the switch conduction, and
applied for the rest of the period when the diode is active. From (22) and (23) it follows that the DCM period-n orbits are achieved for control variable J m obeying the rule
With increase of J m in comparison to the (24) value, the converter is pushed into the CCM period-n mode.
C. Maps of Modes
On Figs. 10, 11, and 12 , boundaries between the operating modes are presented as they depend on the artificial ramp slope for all three of the basic converter configurations. On the diagrams, full line represents the boundary of the period-1 discontinuous conduction mode. Dotted line represents boundary between period-1 continuous conduction mode and higher period number modes, both continuous and discontinuous. This boundary is generated by (20), and at this boundary period-1 CCM switching cycle becomes unstable. Dash-dot line indicates the boundary between the period-n DCM and the period-n CCM for n > 1, according to (24). Color of the line corresponds to the m A value, as specified in figure   2019 20th International Symposium on Power Electronics (Ee), October 23 -26, 2019, Novi Sad, Serbia The maps of Figs. 10-12 are somewhat more complex than in the case artificial ramp is not applied. General conclusion is that introduction of artificial ramp with m A < 0 decreases the region covered by higher period number modes, as expected. The decrease is more pronounced the lower the value of m A is. However, with m A decrease, the period number does not necessarily reduce, as suggested in [2] , since the converter could also enter a zone of intermittent large period-n orbits, resembling chaos, depending on other circuit parameters. Simply, there are more parameters than m A involved in the process, and the conclusion about the resulting operating mode after introducing the artificial ramp should be made taking all of them into account, according to the maps of Figs. 10-12.
The proposed large signal switching cell model results in the maps of modes for all three basic converter configurations which could suggest m A choice according to the desired operating point and required margins.
IV. SIMULATION RESULTS
In order to verify validity of described model and justify observations, numerical simulation has to be performed. The program is written in Python programming language using numpy and scipy modules for numerical computing and matplotlib module for generating the plots. The simulation is performed in a form of an iterative loop where each iteration represents one clock cycle, for a range of parameter values, J m and M . Initial value of the inductor current for each simulation with specified m A , J m and M values and the converter type, which determines m 1 and m 2 as they depend on M , is set to zero. Mean values of the switching cell currents are computed for each clock period and averaged again over determined period number n, in order to provide information about the output current. Inductor current instantaneous value at the end of each clock period is tracked to initialize the next cycle and indicate the end of periodic DCM orbit, which occurs when final value of the inductor current at the end of the clock cycle reaches zero.
Dependence of the output current on the output voltage and the control variable, for basic converters being discussed, including the influence of the artificial ramp with slope m A = −0.05 is presented on Figs. 13, 14 , and 15. Mode boundaries are indicated on the diagrams, as well.
V. CONCLUSION
In this paper, a large signal model of peak limiting current controlled switching cell was extended to include the artificial ramp influence. Mode boundaries in the presence of artificial ramp were derived and presented in the form of mode maps in (M, J m ) plane for all three of the basic converter configurations: buck, boost, and buck-boost. It was shown that application of the artificial ramp reduces the area covered by higher period number modes. Also, it was shown that a conclusion about the period number change for a specified operating mode after introduction of the artificial ramp cannot be made on the basis of the ramp slope alone; other circuit parameters should be taken into account to provide correct prediction.
The derived large signal model was applied to simulate all three of the basic converter configurations, and the dependence of the converter output current on the output voltage and the control variable was obtained in the presence of the artificial ramp, having its slope as a parameter. The results indicate complex behavior in areas characterized by higher period numbers. The output current diagrams correspond to the mode maps analytically derived.
Presented switching cell large signal model could be used to chose the artificial ramp slope providing period-1 operation in desired operating area and to correctly model the converter behavior without prior assumptions of the operating mode. 
